In this work, an electroactive porous Mb-CA's composite film was fabricated by incorporating myoglobin (Mb) in a three-dimension (3D) porous calcium alginate (CA) film with polyvinyl alcohol, glycerol, and gelatin. The porous Mb-CA's film modified electrodes exhibited a pair of well-defined, quasi-reversible cyclic voltammetric (CV) peaks at about -0.37 V vs. SCE in pH 7.0 buffers, characteristic of Mb heme Fe (III) /Fe (II) redox couples. The electrochemical parameters, such as formal potentials (E o′ ) and apparent heterogeneous electron-transfer rate constants (ks), were estimated by square-wave voltammetry with nonlinear regression analysis. The porous CA's composite film could form hydrogel in aqueous solution. The positions of the Soret absorbance band suggest that Mb in the CA's composite film kept its native states in the medium pH range. Hydrogen peroxide, oxygen, and nitrite were electrochemically catalyzed by the Mb-CA's composite film with significant lowering of the reduction overpotential.
Introduction
A study of the direct electrochemistry of redox proteins or enzymes at an electrode can provide a working model for a mechanistic study of electron transfer between enzymes in real biological systems, and serve as a basis for fabricating electrochemical biosensors, enzymatic bioreactors, and biomedical devices. [1] [2] [3] In recent years, direct electron transfer (DET) between enzymes and electrodes has been achieved by incorporating some kinds of enzymes into an appropriate thin film modified on the electrode surface. 4, 5 Such a thin film may provide a favorable microenvironment for the proteins, and enhance the DET between proteins and electrodes, thus offering opportunities for investigating the enzyme electrochemistry. 3, 6 Successful examples have included cast films of proteins with biopolymers, 7 insoluble surfactants, 8 hydrogel polymers, 9 and inorganic-organic composite materials. 10 Some materials form a film-featured three-dimension (3D) porous structure. 11, 12 Several recent papers have demonstrated the effectiveness of the electrochemical approach for studies of proteins in this kind of film modified on the electrodes surface. [13] [14] [15] The porous calcium alginate (CA) composite film may meet these needs, which was fabricated by mixing sodium alginate (SA) with polyethylene glycol (PEG) as a porogenic agent, and CaCl2 as a cross-linking agent. 11, 14 In the porous CA film on the electrodes, DET was greatly enhanced for Mb, as well as for cytochrome c. The porous CA composite film not only provided a porous microenvironment for redox proteins, but also improved their electrochemical properties. These results of our previous work aroused our curiosity concerning the effect of different component on the properties of porous Mb-CA film. We assembled graphene oxide (GO) sheets within the porous CA films to fabricate electroactive biosensor. 13 Perhaps it is a highly versatile method for improving its properties of an electroactive porous CA film to mix some other components within the porous CA film during the fabrication process. In order to mediate the enzyme reaction, stabilize the biomolecule activity, or improve the sensor selectivity in the present work, some additive materials were incorporated into the porous CA film, such as polyvinyl alcohol (PVA), glycerol and gelatin. The resulting film was designed as composite porous CA's films.
PVA is a water-soluble polymer, which can physically cross-link with glycerol through hydrogen bonding and ionic interactions in the hydrated state. 16 By mixing glycerol, the physical cross-linking of polymers would be destroyed. Thus, it can reduce the crystallinity, but increase the amorphous regions of the system, which is beneficial to increase the flexible of the polymer chain segment and conducive to the migration of ions. 17 On the other hand, gelatin is a kind of biomass surfactant. Considering its 3D hydrophilic polypeptide network, gelatin can provide a desirable water-rich buffering environment for the entrapped proteins, which was chosen as a matrix for the encapsulation of proteins. Because of the hydrophilic groups or domains, the hydration and native configuration of the encapsulated biomolecules are ensured. 18 Myoglobin (Mb) is a heme protein, which has a single polypeptide chain with an iron heme inside as a prosthetic group. 6 Although Mb does not function as an electron carrier biologically, it is an ideal model to study of the electron transfer of heme enzymes because of its commercial availability, documented structure. Thus, in this work, Mb was incorporated in the 3D porous CA's film with PVA, glycerol, and gelatin, forming a new Mb-CA's composite film. To our knowledge, the porous Mb-CA's film was made to study the electrochemistry of heme proteins for the first time. Direct voltammetry of Mb-CA's film was studied in detail. The Mb-CA's film was also characterized by UV-vis spectroscopy and scanning electron microscopy. Electrochemical catalytic reduction of oxygen, hydrogen peroxide, and nitrite were also discussed.
Experimental

Chemicals
Horse heart Mb (MW, 17800; purity, 90%) was obtained from Sigma and used as received. SA was from Tianjin Yuan-hang Chemical Corp. PVA was from Tianjin Guang-fu Institute of Fine Chemicals. PEG (MW, 4000) was from Shanghai Chemical Reagents Corp. All other chemicals were of analytical grade, including glycerol and gelatin.
The buffer solutions were 0.05 M sodium dihydrogen phosphate at pH 7.0 containing 0.10 M KBr. Other supporting electrolytes were 0.05 M sodium acetate, 0.05 M boric acid, or 0.05 M citric acid, all containing 0.10 M KBr. Solutions were prepared using double-distilled water.
Assembly of the Mb-CA's film
Before modification, the bare glassy carbon disk electrodes (GCE, 3 mm in diameter) were polished on metallographic sandpapers, and sonicated with double-distilled water for about 30 s.
The porous CA's composite film was fabricated on the electrode; a ratio of 1:4 was kept for mixing SA and PEG, just like in making the porous CA films. 11 At first, a weight ratio of 5:20:15:10:1 for SA (0.02 g mL -1 ) + PEG (0.02 g mL -1 ) + PVA (0.02 g mL -1 ) + glycerol (0.04 g mL -1 ) + gelatin (0.004 g mL -1 ) was mixed together. The above mixed solution was sonicated for 30 min to produce a well-proportioned suspension. Then, 10 μL of the mixture was then cast onto a fresh prepared GCE surface. At last, 5 μL of a 0.10 g mL -1 CaCl2 solution was sprayed over the mixture. A small bottle was fit over the electrode to serve as a closed evaporation chamber so that water would be evaporated slowly. The film was then dried and washed thoroughly using double-distilled water so as to ensure forming the porous CA's film-modified GCE.
For preparing the porous Mb-CA's film on a GCE surface, the same procedure was performed in a similar way to that described above. When 5 μL of a 1.0 mg mL -1 Mb solution was cast onto the porous CA's film, a small bottle was fit tightly over the electrode so that any water evaporated gradually. The porous Mb-CA's film was then dried in air overnight before any measurement.
Apparatus and procedures
A CHI 760C electrochemical workstation (Shanghai CH Instruments, China) was used for electrochemical measurements. A three-electrode cell was used with a saturated calomel electrode (SCE) as a reference electrode, a platinum wire as a counter electrode, and a GCE modified with film as a working electrode.
All experiments were performed at ambient temperature (20 ± 2 C).
Voltammetry on the electrodes modified with Mb-CA's film was run in buffers containing no proteins.
Prior to electrochemical measurements, buffers were purged with highly purified nitrogen for at least 10 min. A nitrogen environment was then kept over solutions in the cell during the whole experiment by continuously bubbling nitrogen.
In the experiment with oxygen, measured volumes of air were injected via a syringe to a solution in a sealed cell, which had been previously degassed with nitrogen.
UV-vis adsorption spectroscopy was carried out with a TU-1901 spectrophotometer. Scanning electron microscopy (SEM) was conducted with an S-4800 scanning electron microanalyzer at an acceleration voltage of 5 kV. Nitrogen adsorption/desorption isotherms were measured on a Tristar 3000 automatic specific surface area and porosity analyzer. Samples of film for UV-vis and SEM were prepared on quartz slides in the same way as that for voltammetry. The samples were fixed on the SEM mounting stage with conductive two-sided adhesive tapes. Prior to SEM analysis, about 10 nm of Au was coated onto samples with an IB-3 ion coater.
Results and Discussion
Scanning electron microscopy and nitrogen sorption isotherm of films SEM was used here to identify the surface morphology of the porous CA's film and the porous CA film. Although both the porous CA film and the porous CA's film showed a rough surface with well-distributed holes in their SEM image (Figs. 1a and 1b), there were kinds of difference between them, while the Mb-CA's film was relatively smooth and featureless at the same magnification (Fig. 1c ). The average pore size of the porous CA's film, calculated from N2 adsorption/desorption isotherms, was 10.8 nm, which is suitable for anchoring Mb molecules (2.5 × 3.5 × 4.5 nm). 19 A higher BET surface area (2.6 m 2 g -1 ) greatly enhanced the active surface area available for Mb immobilization. These results demonstrated the influence of using PVA, glycerin and gelatin in the process of making the porous CA's film, compared with the former porous CA film. 11 
UV-vis absorption spectroscopy
The heme proteins have a sensitive Soret absorption band at 409 nm, and positions of the Soret absorption band may provide information about the possible denaturation of heme proteins. Both dry film cast from Mb and the porous Mb-CA's showed Soret bands at 409 nm ( Figs. 2a and 2b ), suggesting that Mb in the dry porous Mb-CA's film had the same secondary structure as the native state of Mb in dry Mb film alone.
When the porous Mb-CA's films on the slides were immersed into buffer solutions, the dependence of the Soret band on the pH of external solutions for the modified film was tested. The results showed that the Soret band of Mb was sensitive to its microenvironment. At a pH of between 5.0 and 11.0, the Soret band appeared at 409 nm (Figs. 2c -2f), the same as the dry Mb film and the dry Mb-CA's film, suggesting that the Mb essentially retained its native state in the medium pH range. When the pH was changed to a more acidic or more basic direction, the Soret band showed a peak shape distortion, and was even hardly observed (Figs. 2g and 2h). For example, the Soret band shifted to 398 nm at pH 4.0 and 405 nm at pH 12.0, respectively, indicating that Mb in the porous Mb-CA's film might denature to some considerable extent in this relatively extreme environment. The spectroscopic behavior of the porous Mb-CA's film on glass slides was very similar to the Mb-CA film. However, the Mb-CA's film on glass slides were much more stable in different pH buffers than that of the porous Mb-CA film.
Influence of water on the porous CA's film
To investigate the influence of water on the Mb-CA's film and the influence of additive components in the process of making the porous CA's film on its water content, such as PVA, glycerol and gelatin, the water content of the porous CA film and the porous CA's film was measured by a weighing method.
The porous CA film and the porous CA's film were prepared on glass slides in the same way as that for voltammetry, and dried completely in a desiccator. The dried film was clear and transparent. After being soaked in water for 2 h, both films swelled to about several-times larger than the original dry volume; the changes in the weight for the porous CA film and the porous CA's film were 0.018 and 0.027 g, respectively.
Taking into account the weight of the glass slides, the water content of the porous CA film and the porous CA's composite film were estimated to be about 87 and 96%. The hydrated porous CA's films led to the formation of a hydrogel.
The porous Mb-CA's film on glass slides maintained much water and better stability than the porous Mb-CA film. These experimental data demonstrated that the addition of PVA, glycerol and gelatin made the porous CA's film containing much water and a more stable structure, which may provide a favorable microenvironment for Mb to retain its native structure and bioactivity.
Voltammetry study
When a porous Mb-CA's film electrode was immersed into protein-free pH 7.0 buffers, a pair of well-defined and reversible CV peaks were observed at -0.37 V vs. SCE at the steady state after multiple scans (Fig. 3c) , characteristic of the MbFe III /Fe II redox couples. 21 No voltammetric peaks were observable for the porous CA's composite film modified GCE in the same potential window (Fig. 3a) . The porous Mb-CA's film exhibited a fairly stable response and the peak hights at steady state were much better than those with porous Mb-CA film (Fig. 3b) . These observations indicated that Mb was attached to the porous Mb-CA's film, and successfully maintained higher activity.
The heights of the reduction peak were linearly proportional to scan rates from 0.1 to 2 V s -1 . The integration of reduction peak at different scan rate gave nearly constant charge values (Q). These results are characteristic of thin-layer electrochemistry. 22 The surface concentration (Γ*) of electroactive Mb in the films can be estimated according to the relationship Q = nFAΓ*. 22 Compared with the total amount of Mb deposited on the electrode surface (Γ = 3.96 × 10 -9 mol cm -2 ), the percentage of electroactive Mb in the porous Mb-CA's film was about 0.79%. The electrochemical parameters for other Mb film systems are also listed in Table 1 for comparison. CV data were used to investigate the pH effect on the formal potential (E o′ ), which was estimated as the midpoint of reduction and oxidation peak potentials. E o′ varied linearly with the pH from 4.0 to 11.0 with a slope of -53.7 mV pH -1 (Fig. 4) . The experiment data demonstrated that the electron transfer between Mb and the electrodes is accompanied by proton transportation. 23, 24 The electrode reaction of Mb-CA's films can be expressed as heme Fe III + e -1 + H +1 = hemeFe II .
Square-wave voltammetry (SWV) as a pulse electrochemical method has advantages over CV concerning the signal-to-noise ratio and the resolution, 25 and is easier to apply to analyze data quantitatively. It was used here to estimate the average apparent heterogeneous electron-transfer rate constant (ks) and E o′ for the Mb-CA's films. The procedure involved nonlinear regression analysis for SWV forward and reverse curves using a model that combines a single-species thin-layer SWV model with an E o′ dispersion model, as described in the literature. [26] [27] [28] The analysis of SWV data for the porous Mb-CA's film showed a goodness of fit onto the model in the range of various amplitudes and frequencies (Fig. S1, Supporting Information) . The average ks and E o′ values obtained from fitting SWV data for the Mb-CA's films at pH 7.0 were 33.07 s -1 and -0.37 V vs. SCE. The E o′ of the MbFe III /Fe II redox couples for the Mb-CA's films was different from that for the porous Mb-CA films ( Table 1) . This indicated even with the same assembly manner to make the cast film on the electrodes, the additive materials incorporated into the porous CA film may change and influence its formal potential. For Mb-CA's film, the ks value is close to that of the porous Mb-CA films. These results indicated that both porous films provided a favorable microenvironment for Mb and the DET between Mb and electrodes was greatly enhanced, which is mainly attributed to the uniform porous structure and a higher water content of the porous CA's film.
Electrocatalytic activity
The electrocatalytic behaviors of the porous Mb-CA's film towards various substrates were characterized. The catalytic reduction of oxygen at the porous Mb-CA's film modified GCE was examined by CV. When a certain amount of air was passed through pH 7.0 buffers by a syringe, a significant increase in reduction peak at about -0.35 V was observed ( Figs. 5d and 5e ). This increase in the reduction peak was accompanied by a disappearance of the oxidation peak for MbFe II (Figs. 5d and  5e ). An increase in the amount of oxygen in solution increased the reduction peak current. For the porous CA's film with no Mb incorporated, the peak for the direct reduction of oxygen was observed at about -0.87 V (Fig. 5b) . Thus, the porous Mb-CA's film decreased the reduction overpotential of oxygen by at least 0.5 V.
The catalytic efficiency, expressed as a ratio of the reduction peak current of the porous Mb-CA's film in the presence (Ic) and absence (Id) of oxygen, Ic/Id, decreased with an increase of the scan rate (Fig. S2, Supporting Information) . All of these are characteristic of electrochemical catalysis. 29 The catalytic CV behavior for H2O2 at the porous Mb-CA's film modified GCE was also examined. When H2O2 was added to pH 7.0 buffers, an increase in the reduction peak at about -0.41 V was observed. The reduction peak current increased E o′ the formal potential estimated as average of reduction and oxidation peak potentials, ΔEp = Epa -Epc the separation between the anodic and the cathodic peak potentials, Ipc the cathodic peak current, Γ* the surface concentration of electroactive Mb in different modified film. These data were estimated by CVs in pH 7.0 buffers at 0.2 V s -1 . with the concentration of H2O2 in solution, accompanied by a disappearance of the oxidation peak ( Figs. 6d and 6e ). However, no direct reduction peak of H2O2 was obtained in the presence (Fig. 6b ) or in the absence (Fig. 6a ) of H2O2 for the porous CA's film, indicating that the reduction of H2O2 was catalyzed by entrapped Mb. The amperometric response of the porous Mb-CA's filmmodified electrode to H2O2 was recorded through successively adding H2O2 to a continuous stirred PBS solution. A typical amperometric response of the porous Mb-CA's film with the stepwise addition of H2O2 can be observed at a constant potential of -0.1 V vs. SCE (Fig. S3, Supporting Information) . The stepped increase of the H2O2 concentration in buffers caused the corresponding growth of catalytic reduction currents for the porous Mb-CA's film (Fig. S3b, Supporting Information) . In contrast, at the protein-free porous CA's film modified electrodes, no current response was observed after the addition of H2O2 (Fig. S3a, Supporting Information) . The current was increased to balance immediately with the injection of H2O2, indicating that the porous Mb-CA's film had sufficient sensitivity and durability.
With the porous Mb-CA's film, the catalytic reduction peak potential for H2O2 was almost the same as that for oxygen ( Fig. 5) , indicating a similarity of the mechanism between the two systems. The exact mechanism for the catalytic reduction of hydrogen peroxide on Mb-CA's films is as yet unclear, but it is probably similar to that of a horseradish peroxidase (HRP) film system, 30 since Mb and HRP are all heme proteins and have similar electrochemical properties. It is known that, in the absence of reductant substrates and with excess hydrogen peroxide, HRP behaves like catalase. 31, 32 Reactions of H2O2 with Mb can be exemplified by the following equation: 13 MbFe III + H2O2 → Compound I + H2O,
Compound I + H2O2 → MbFe III + O2,
MbFe III + e -→ MbFe II at the electrode,
MbFe II -O2 + 2e -+ 2H + → MbFe II + H2O2 at the electrode.
There are two catalytic cycles here: MbFe II reacts with O2 and forms MbFe II -O2 in Eq. (4), and produced MbFe II -O2 will receive two electrons and return to MbFe II again in Eq. (5); H2O2 produced in Eq. (5) will participate in Eq. (1) or (2) to produce dioxygen which will then induce or promote the catalytic cycle of Eqs. (4) and (5) . It is the production of O2 that makes the electrocatalytic CV behavior of H2O2 similar to that of O2 at Mb-CA's film electrodes.
The operational stability of the porous Mb-CA's film was executed by 100 continuous CV scans carried out at a scan rate of 0.1 V s -1 ; no obvious decrease of the voltammetric response was observed. A period of three months was subsequently employed to test the storage stability of the modified electrodes. When not in use, the modified electrodes were stored in a pH 7.0 blank buffer in a refrigerator at 4 C or in the air, respectively.
The electrochemical catalytic response to 6.25 μM H2O2 in pH 7 buffers was determined periodically. For the two storage methods, the current response both remained at about 95% of the initial state during the first two weeks, and both electrodes retained more than 75% of its initial activity to H2O2 when tested after three months. Six independently fabricated electrodes were tested in a 12.5 μM H2O2 solution, the relative standard deviation (RSD) was 2.10%. These results indicated that the porous Mb-CA's film modified GCE showed good operational and storage stability, and good reproducibility. This may be due to the joining of PVA and glycerol, which improved the stability of the porous Mb-CA's film.
Under acidic conditions, the NO2species underwent a disproportionation reaction. One of the products was NO, which can form MbFe II -NO with Mb. Lin and co-workers studied the electrocatalytic reduction of NO2with Mb-DDAB film on pyrolytic graphite (PG) electrodes, and observed similar results. 33 It was because MbFe II -NO was reduced in the electrode surface. No direct reduction of NO2on porous CA's film without Mb was found ( Figs. 7a and 7b ). When NO2was added into the pH 5.0 buffers, a catalytic peak was observed at about -0.74 V (Figs. 7d and 7e) . The electrocatalytic reduction peak current increased with a further addition of NaNO2 ( Figs. 7d and 7e) and linearly with the concentration of NO2in the range of 0.125 -5.0 mM with a correlation coefficient of 0.994 ( Fig. 7 insert) . When the concentration of NO2was higher than 5.0 mM, a response plateau was observed ( Fig. 7  insert) , showing the characteristics of the Michaelis-Menten kinetic mechanism.
According to the Lineweaver-Burk equation, 34 1/Iss = K app M /(ImaxC) + 1/Imax (6) Here, Iss is the steady-state current after the addition of a substrate, Imax is the maximum current measured under the saturated substrate condition and C is the bulk concentration of the substrate. The apparent Michaelis-Menten constant (K app M ) can provide an indication of the enzyme-substrate kinetics, and it can be obtained by analyses of the slope and the intercept of the plot of Iss -1 vs. C -1 . The (K app M ) for the porous Mb-CA's modified GCE was estimated to be 6.82 mM, which is smaller than that of Mb on the SA-Mb-IL-Fe2O3/CILE 35 and GNRs@ SiO2/RTIL-sol-gel/GCE. 36 This indicated that Mb immobilized in the porous CA's film retained its bioactivity and maintained a higher biological affinity to NO2 -.
The CV reduction peak currents of different substrates catalyzed by Mb-CA's film were used to quantitatively estimate the concentration of the substrates. The linear range of the calibration curve, the detection limit, the sensitivity, the correlation coefficient, and the catalytic efficiency (Ic/Id) for H2O2, and NO2are listed in Table S1 .
Conclusions
The electroactive porous Mb-CA's composite film was successfully fabricated by incorporating Mb in the porous CA film with PVA, glycerol and gelatin. The DET between Mb and electrodes was greatly facilitated in the microenvironment of the Mb-CA's film compared with that of bare electrodes in Mb solutions. The experimental data demonstrated that Mb in the film essentially retained its native structure and bioactivity at the medium pH. The Mb-CA's film modified electrodes could electrochemically catalyze the reduction of oxygen, hydrogen peroxide, and nitrite, suggesting that Mb in the film may act as a reductive enzyme for some substrates. Ministry of Science and Technology of China, and the Growing Base for State key Laboratory of Qingdao University are acknowledged. Figure S2 : Influence of scan rate on catalytic efficiency, Ic/Id, for the porous Mb-CA's film modified GCE in 8 mL pH 7.0 buffer solutions, where Id is the CV reduction peak current in buffer without oxygen and Ic is the CV reduction peak current with 20 mL of air injected. Figure S3 : Amperometric response of (a) the porous CA's film and (b) the porous Mb-CA's film at -0.1 V in pH 7.0 buffer solutions with 6.25 μM H2O2 injected every 40 s. Table S1 : Catalytic performances of the Mb-CA's films toward various substrates. This material is available free of charge on the Web at http://www.jsac.or.p/analsci/.
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